The presence of symmetric and asymmetric voids directly affects the mechanical behaviors of tunnel linings and further induces tunnel diseases among influence factors. In this paper, 1:5-scale model tests were carried out to study the mechanical behaviors of reinforced concrete (RC) linings considering the voids located at the crown and at the spandrel. Based on the experimental results and concrete plastic damage (CDP) model, the effects of void (i.e., location and size), subgrade stiffness, and lining size on bearing capacity of RC lining were investigated using numerical simulation. The results of model test and parametric analysis showed that the existence of voids significantly affected the mechanical behavior of the lining during inelastic deformation period. The lining with a larger void size corresponded to low bearing capacity and larger deformation around the void, thus increasing the damage possibility of linings. The influence of voids on the bearing capacity of linings varied with the void location, load direction (especially under horizontal symmetrical loads), and subgrade stiffness. High soil stiffness corresponded to a great influence of the void size on the lining bearing capacity. In addition, the lining strength increased inconsistently with the increase of model size. On the basis of parameter sensitivity analysis, the Levenberg-Marquardt (L-M) optimization algorithm and Logistic model were used to establish the equation of lining bearing capacity loss rate considering the void effect.
Introduction
With the rapid development of traffic construction in China, the number of operational tunnels is increasing rapidly. By the end of 2017, the total mileage of road tunnels and railway tunnels in China reached 15,000 and 15,300 km, respectively [1] . However, in the rapid development process, the complex geological environment and limitations due to the technical level of tunnel design, construction and monitoring have resulted in unsatisfactory service status of the operating tunnels, especially in early construction, which is marked by serious tunnel defects [2, 3] . Most tunnels have defects such as voids behind the lining, insufficient lining thickness, low concrete strength, tunnel leakage, lining crack and corrosion, which can directly affect the safety and durability of the structures. These have become problems that plague domestic and foreign traffic operation management departments, attracting widespread attention [4] [5] [6] [7] [8] .
A considerable amount of research on tunnel diseases such as lining cracks and leakage has been conducted from the aspects of disease characteristics, disease formation mechanism, mechanical
Model Test Scheme
Taking the existing lining loading test device as the reference [21] , a lining loading test setup was developed, as shown in Figure 1 . The model test setup includes a reaction steel frame, nine electro-hydraulic jacks, and equivalent subgrade setup. The size of the loading device was designed according to the 1:5-scale of the section of a two-lane highway tunnel in China. The reaction steel frame was assembled by M30 bolts with 9 H-shaped steel members, with dimensions of 3950 mm (width) × 2610 mm (height) × 300 mm (thickness). Nine loading points were set around the lining: one active loading point and eight passive loading points. Active load was applied by setting an electro-hydraulic jack at the active loading point, such as vertical loading at the crown ( Figure 1a ) and oblique loading at the spandrel (Figure 1b) . Rubber plates were installed at the remaining passive loading points and were used to simulate subgrade reaction. The size of a single rubber plate was 0.3 m × 0.3 m, and the thickness was 100 mm. Uniaxial compression test of the rubber plate indicated that the compressive stiffness of the rubber plate was 3.38 MN/m. A total of eight rubber plates were used to simulate the formation constraints of the lining model test and the equivalent formation resistance coefficient was calculated to be 27.9 MPa/m [22] [23] [24] . To investigate the effect of voids on mechanical properties of tunnel linings, five model test conditions were set up as follows. (1) Three sizes of voids at the crown include 0° (no void), 30°, and 60° ( Figure 2a ). (2) Two sizes of voids at the spandrel include 0° (no void) and 60° ( Figure 2b ). The void location and void size were simulated by removing the rubber plates behind the lining in the corresponding position. Referring to the loading mode of existing tests [25, 26] . Oblique (45°) loading direction was used to simulate the unbalanced soil pressure on lining for the cases of the voids at the crown, and vertical (90°) loading direction was used to simulate the loosening vertical soil pressure on lining for the voids at the spandrel. When the influence of self-weight on the structure is not considered and the external load is concentrated, the prototype material can be used for the model test [27] . Therefore, this test used prototype materials to make the lining members. The lining member was based on a common two-lane road tunnel lining in China. It was made according to the 1:5-scale. The lining member was 2.3 m wide, 1.56 m high, 80 mm thick, and 300 mm long longitudinally. The reinforcement ratio of the prototype lining was 0.7%. The conversion was conducted according to the principle of equal reinforcement ratio. The model lining adopted the steel bars with a diameter of 4 mm and the distance between two steel bars is 40mm, also the distributed steel bars with the diameter of 2 mm, and the distance of 50mm between two steel bars. The dimensions and reinforcement drawings of the lining member are shown in Figure 3 . After 28 days of maintenance, the lining members were The void location and void size were simulated by removing the rubber plates behind the lining in the corresponding position. Referring to the loading mode of existing tests [25, 26] . Oblique (45 • ) loading direction was used to simulate the unbalanced soil pressure on lining for the cases of the voids at the crown, and vertical (90 • ) loading direction was used to simulate the loosening vertical soil pressure on lining for the voids at the spandrel. To investigate the effect of voids on mechanical properties of tunnel linings, five model test conditions were set up as follows. (1) Three sizes of voids at the crown include 0° (no void), 30°, and 60° ( Figure 2a ). (2) Two sizes of voids at the spandrel include 0° (no void) and 60° ( Figure 2b ). The void location and void size were simulated by removing the rubber plates behind the lining in the corresponding position. Referring to the loading mode of existing tests [25, 26] . Oblique (45°) loading direction was used to simulate the unbalanced soil pressure on lining for the cases of the voids at the crown, and vertical (90°) loading direction was used to simulate the loosening vertical soil pressure on lining for the voids at the spandrel. When the influence of self-weight on the structure is not considered and the external load is concentrated, the prototype material can be used for the model test [27] . Therefore, this test used prototype materials to make the lining members. The lining member was based on a common two-lane road tunnel lining in China. It was made according to the 1:5-scale. The lining member was 2.3 m wide, 1.56 m high, 80 mm thick, and 300 mm long longitudinally. The reinforcement ratio of the prototype lining was 0.7%. The conversion was conducted according to the principle of equal reinforcement ratio. The model lining adopted the steel bars with a diameter of 4 mm and the distance between two steel bars is 40mm, also the distributed steel bars with the diameter of 2 mm, and the distance of 50mm between two steel bars. The dimensions and reinforcement drawings of the lining member are shown in Figure 3 . After 28 days of maintenance, the lining members were When the influence of self-weight on the structure is not considered and the external load is concentrated, the prototype material can be used for the model test [27] . Therefore, this test used prototype materials to make the lining members. The lining member was based on a common two-lane road tunnel lining in China. It was made according to the 1:5-scale. The lining member was 2.3 m wide, 1.56 m high, 80 mm thick, and 300 mm long longitudinally. The reinforcement ratio of the prototype lining was 0.7%. The conversion was conducted according to the principle of equal reinforcement ratio. The model lining adopted the steel bars with a diameter of 4 mm and the distance between two steel bars is 40 mm, also the distributed steel bars with the diameter of 2 mm, and the distance of 50 mm between two steel bars. The dimensions and reinforcement drawings of the lining member are shown in Figure 3 . After 28 days of maintenance, the lining members were moved into the loading setup where the test sensors, rubber plates, and loading jacks were arranged. The values of load, displacement, and strain during the loading process of the lining were collected by using pressure sensors, strain gauges, and displacement transducers in this test. Taking the vertical loading at the crown as an example, the arrangements of this test are shown in Figure 4 . The displacement control loading mode with loading rate of 0.5 mm/min was adopted. Crack distribution and crack width were recorded before the lining was broken. 
Analysis of Test Results

Bearing Capacity of Lining Under the Influence of Voids
The load-displacement curves of the RC lining with the voids at crown and voids at spandrel are shown in Figure 5a and 5b, respectively. Figure 5 shows that the load-displacement curves under different position and size voids can be divided into elastic deformation (OC), elastoplastic deformation (CP), and plastic development (PF) stages. The OC stage was a linear portion of the curve from the beginning of loading to the appearance of cracking point. As the load increased, the slope of the load-displacement curve reduced stably and monotonously, and the deformation of lining increased nonlinearly until it reached the peak load. With the expansion of lining cracks, the deformation of the lining increased continuously until spalling and crushing occurred. Whether voids were at the crown or the spandrel, the OC stage changed smaller with the increase of void size, while the slope of the CP curve section declined, and the projection area of the curve section decreased, which indicates that the lining stiffness decreased in this stage. Further, the peak load and the corresponding displacement decreased rapidly and the brittleness of the lining increased. The values of load, displacement, and strain during the loading process of the lining were collected by using pressure sensors, strain gauges, and displacement transducers in this test. Taking the vertical loading at the crown as an example, the arrangements of this test are shown in Figure 4 . The displacement control loading mode with loading rate of 0.5 mm/min was adopted. Crack distribution and crack width were recorded before the lining was broken. The values of load, displacement, and strain during the loading process of the lining were collected by using pressure sensors, strain gauges, and displacement transducers in this test. Taking the vertical loading at the crown as an example, the arrangements of this test are shown in Figure 4 . The displacement control loading mode with loading rate of 0.5 mm/min was adopted. Crack distribution and crack width were recorded before the lining was broken. 
Analysis of Test Results
Bearing Capacity of Lining Under the Influence of Voids
The load-displacement curves of the RC lining with the voids at crown and voids at spandrel are shown in Figure 5a and 5b, respectively. Figure 5 shows that the load-displacement curves under different position and size voids can be divided into elastic deformation (OC), elastoplastic deformation (CP), and plastic development (PF) stages. The OC stage was a linear portion of the curve from the beginning of loading to the appearance of cracking point. As the load increased, the slope of the load-displacement curve reduced stably and monotonously, and the deformation of lining increased nonlinearly until it reached the peak load. With the expansion of lining cracks, the deformation of the lining increased continuously until spalling and crushing occurred. Whether voids were at the crown or the spandrel, the OC stage changed smaller with the increase of void size, while the slope of the CP curve section declined, and the projection area of the curve section decreased, which indicates that the lining stiffness decreased in this stage. Further, the peak load and the corresponding displacement decreased rapidly and the brittleness of the lining increased. 
Analysis of Test Results
Bearing Capacity of Lining Under the Influence of Voids
The load-displacement curves of the RC lining with the voids at crown and voids at spandrel are shown in Figure 5a ,b, respectively. Figure 5 shows that the load-displacement curves under different position and size voids can be divided into elastic deformation (OC), elastoplastic deformation (CP), and plastic development (PF) stages. The OC stage was a linear portion of the curve from the beginning of loading to the appearance of cracking point. As the load increased, the slope of the load-displacement curve reduced stably and monotonously, and the deformation of lining increased nonlinearly until it reached the peak load. With the expansion of lining cracks, the deformation of the lining increased continuously until spalling and crushing occurred. Whether voids were at the crown or the spandrel, the OC stage changed smaller with the increase of void size, while the slope of the CP curve section declined, and the projection area of the curve section decreased, which indicates that the lining stiffness decreased in this stage. Further, the peak load and the corresponding displacement decreased rapidly and the brittleness of the lining increased. With a larger void, the PF curve section showed a slowdown in the rate of decline after reaching the peak load, indicating an increase in ductility after the lining reached its peak load. This finding shows that the presence of voids considerably affected the morphology of load-displacement response and the mechanical behaviors of the lining, especially the deformation behaviors of the lining after the initial cracking and the post-peak load.
When the voids at the crown were in the size of 0 • , 30 • , and 60 • , the peak loads of the lining were 78.6, 62.2, and 39.9 kN, respectively. Further, the displacements at the peak loads were 44.4, 35.0, and 18.2 mm, respectively. Compared with the no void case, the load carrying capacities reduced by 20.9% and 49.2%, respectively, and the corresponding displacements reduced by 21.2% and 59.0%, respectively. When the void was at the spandrel and its size range from 0 • to 60 • , the peak loads of the lining were 77.1 and 46.1 kN, respectively, and the displacements at the peak loads were 36.0 and 25.3 mm, respectively. Compared to the case with no void, the load carrying capacity and the corresponding displacement reduced by 40.2% and 29.7%, respectively. Voids at the spandrel showed a similar variation pattern with those at the crown. A larger void behind the lining corresponded to the lower bearing capacity of the lining and a smaller displacement at the peak load, therefore the lining damage could occur more easily. However, the existence of the void increased the post-peak deformability of the lining. With a larger void, the PF curve section showed a slowdown in the rate of decline after reaching the peak load, indicating an increase in ductility after the lining reached its peak load. This finding shows that the presence of voids considerably affected the morphology of load-displacement response and the mechanical behaviors of the lining, especially the deformation behaviors of the lining after the initial cracking and the post-peak load.
When the voids at the crown were in the size of 0°, 30°, and 60°, the peak loads of the lining were 78.6, 62.2, and 39.9 kN, respectively. Further, the displacements at the peak loads were 44.4, 35.0, and 18.2 mm, respectively. Compared with the no void case, the load carrying capacities reduced by 20.9% and 49.2%, respectively, and the corresponding displacements reduced by 21.2% and 59.0%, respectively. When the void was at the spandrel and its size range from 0° to 60°, the peak loads of the lining were 77.1 and 46.1 kN, respectively, and the displacements at the peak loads were 36.0 and 25.3 mm, respectively. Compared to the case with no void, the load carrying capacity and the corresponding displacement reduced by 40.2% and 29.7%, respectively. Voids at the spandrel showed a similar variation pattern with those at the crown. A larger void behind the lining corresponded to the lower bearing capacity of the lining and a smaller displacement at the peak load, therefore the lining damage could occur more easily. However, the existence of the void increased the post-peak deformability of the lining. 
Failure Modes of Lining Under the Influence of Voids
The cracks, deformation distribution and failure modes of RC lining under different size of voids are shown in Figure 6 , where "○" symbolizes the tensile cracks, "•" symbolizes the compression fracture, numbers 1-x stand for the orders of cracking, and the dotted lines indicates lining deformation. Photographs of the deformation and the cracks distribution void size 30° at the crown and void size 60° at the spandrel are shown in Figure 6a and 6b, respectively. For the 45° oblique load, the RC linings under different size of voids at the crown had similar failure patterns (Figure 6c -e). First cracking was observed inside the lining of the loading point, then the outer lining at the edge of the void, and at the springline began to crack; with the propagation and expansion of cracks in the spandrel and the crushing of the lining in the range of the void and the springline, three plastic hinges were formed to destroy the lining completely. As the void size in the crown increased, the lining deformation within the range of the void became larger and the lining damage was concentrated on the void. For the case of the void at the spandrel, the failure pattern was similar to that of the void at the crown (Figure 6f-g ). The lining was destroyed by the penetration of cracks at the crown and the collapse of both sides of the spandrel. Consistent with the influence of void at the crown, the lining deformation increased by 3.8 times with the increase of the void at the spandrel ranging from 0° up to 60°. As a result of the voids, the lining lost the restriction of surrounding rocks and was more easily deformed under load. A larger void corresponded to the larger deformation and the easier occurrence of damage of the lining at the void. 
The cracks, deformation distribution and failure modes of RC lining under different size of voids are shown in Figure 6 , where " " symbolizes the tensile cracks, "•" symbolizes the compression fracture, numbers 1-x stand for the orders of cracking, and the dotted lines indicates lining deformation. Photographs of the deformation and the cracks distribution void size 30 • at the crown and void size 60 • at the spandrel are shown in Figure 6a ,b, respectively. For the 45 • oblique load, the RC linings under different size of voids at the crown had similar failure patterns (Figure 6c-e) . First cracking was observed inside the lining of the loading point, then the outer lining at the edge of the void, and at the springline began to crack; with the propagation and expansion of cracks in the spandrel and the crushing of the lining in the range of the void and the springline, three plastic hinges were formed to destroy the lining completely. As the void size in the crown increased, the lining deformation within the range of the void became larger and the lining damage was concentrated on the void. For the case of the void at the spandrel, the failure pattern was similar to that of the void at the crown (Figure 6f-g ). The lining was destroyed by the penetration of cracks at the crown and the collapse of both sides of the spandrel. Consistent with the influence of void at the crown, the lining deformation increased by 3.8 times with the increase of the void at the spandrel ranging from 0 • up to 60 • . As a result of the voids, the lining lost the restriction of surrounding rocks and was more easily deformed under load. A larger void corresponded to the larger deformation and the easier occurrence of damage of the lining at the void. 
Numerical Model
Material Model and Parameters
Modeling of Concrete
Concrete was modeled using the concrete plastic damage model (CDP model) in ABAQUS, which was proposed by Lee and Fenves and is suitable for simulating the mechanical behaviors of concrete under monotonic and cyclic loading [28, 29] . To avoid the influence of size effect in element mesh, the plastic behaviors of concrete were described by defining fracture energy. The compressive stress-strain curve and tensile stress-crack displacement curve of concrete were calculated according to the recommended formulas in the Code for Design of Concrete Structures GB50010-2010 and the relevant literature [30] , respectively. The tensile and compressive energies of concrete were calculated as follows [31, 32, 33] : 
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Modeling of Concrete
Concrete was modeled using the concrete plastic damage model (CDP model) in ABAQUS, which was proposed by Lee and Fenves and is suitable for simulating the mechanical behaviors of concrete under monotonic and cyclic loading [28, 29] . To avoid the influence of size effect in element mesh, the plastic behaviors of concrete were described by defining fracture energy. The compressive stress-strain curve and tensile stress-crack displacement curve of concrete were calculated according to the recommended formulas in the Code for Design of Concrete Structures GB50010-2010 and the relevant literature [30] , respectively. The tensile and compressive energies of concrete were calculated as follows [31] [32] [33] :
(1) 
where f cm and f tm are the average compressive strength and tensile strength of concrete, respectively; the unit is MPa; G F and G c are the fracture energy of concrete under tension and compression in units of N/mm, respectively. According to Sidiroff's energy equivalence principle [34] , the damage factor of the CDP model can be expressed as:
where d t and d c are the tensile and compressive damage factors, respectively; σ t and σ c are the tensile and compressive stress of concrete, respectively; l c is the characteristic length of concrete integral element, which is l c = √ 2A; A is the element area; w is the cracking displacement of concrete; E 0 is the initial elastic modulus of concrete; and ε c is the compressive strain.
In this paper, monotonic loading was used in numerical simulation, and the restoring stiffness weight factor was ω c = 1,ω t = 0. The plastic parameters of the CDP model are shown in Table 1 . 
Modeling of Steel Bar
The constitutive behavior of steel bars was modeled using a piecewise linear model which obey the Von Mises yield criterion [35] [36] [37] . The stress-strain curves are shown in Figure 7 and the calculation parameters are shown in Table 2 . 
Structural Computational Model
ABAQUS was used to establish the calculation model for the lining under the five test cases. The lining and the loading plate were simulated by the CDP model and linear elastic model in this numerical model, respectively. Tunnel lining concrete was meshed with 4-node reduced integration 
ABAQUS was used to establish the calculation model for the lining under the five test cases. The lining and the loading plate were simulated by the CDP model and linear elastic model in this numerical model, respectively. Tunnel lining concrete was meshed with 4-node reduced integration quadratic plane strain elements (CPE4R), truss element T2D2 for stimulating the reinforcement bar, and compressive spring element for surrounding rocks. The number of cells of lining and steel bars is 7020 and 1076 respectively for the numerical model with the case of no defects. According to the boundary conditions of model tests, fixed constraints (U1 = U2 = UR3 = 0) were applied at the bottom of the lining and displacement loading was applied. The typical finite element model is shown in Figure 8 . 
Verification of Numerical Models
A comparison of the calculation results of the RC lining with no void under mesh sizes of 5, 10, and 20 mm found that the load-displacement curves and peak loads under the three mesh sizes were close, indicating that the simulation results of lining under different mesh sizes converged. Compared with the 10mm mesh model, the calculation of using the 5 mm mesh model will be time-consuming due to the large number of elements; and that of the 20 mm mesh size will be too rough. Considering the computational efficiency and simulation effect comprehensively, subsequent calculations were performed on 10 mm meshes. The tests and calculation results of the loaddisplacement responses of lining under different size of voids ( Figure 9 ) show that the shape of the load-displacement curves and the variation with the void ranges were the same. When the size of 
A comparison of the calculation results of the RC lining with no void under mesh sizes of 5, 10, and 20 mm found that the load-displacement curves and peak loads under the three mesh sizes were close, indicating that the simulation results of lining under different mesh sizes converged. Compared with the 10mm mesh model, the calculation of using the 5 mm mesh model will be time-consuming due to the large number of elements; and that of the 20 mm mesh size will be too rough. Considering the computational efficiency and simulation effect comprehensively, subsequent calculations were performed on 10 mm meshes. The tests and calculation results of the load-displacement responses of lining under different size of voids ( Figure 9 ) show that the shape of the load-displacement curves and the variation with the void ranges were the same. When the size of the void at the crown was 0 • , 30 • , and 60 • (Figure 9a ), the peak loads obtained by numerical simulation were 77.0, 64.1, and 37.4 kN, respectively, which were 2.0%, 3.1%, and 6.2% different from the trial values, respectively. When the size of the void at the spandrel was 0 • and 60 • (Figure 9b) , the peak loads obtained by numerical simulation were 80.4 and 46.8 kN, respectively, which were 4.3% and 2.0% different from the trial values, respectively. A comparison of the simulated damage distribution chart ( Figure 10 ) and the experimental damage pattern chart ( Figure 6 ) shows that the failure patterns of the two were consistent and the failure locations of the lining were identical. These findings show that the finite element simulation results are reliable and can reflect the main stress characteristics of the lining considering the influence of the void.
The jump phenomena of the load-displacement curve obtained by numerical simulation were observed in Figure 9 . Some physical explanations for jump phenomena were analyzed as follows: (1) The damage model was adopted for the concrete in the numerical simulation. The presence of lining damage leads to the decrease of load carrying capacity, which is manifested by the sudden drop of the curve. With the increase of the surrounding constraints, the bearing capacity of the damaged lining will rise again until the lining is destroyed. Similar jump phenomena of the lining load-displacement curve by using concrete smeared crack model were also obtained in the literature [25] . (2) The bond-slip between steel bars and concrete doesn't being considered in this paper. As the increase of loading, concrete cracking and steel bars fracture may also cause the jump phenomena.
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Parameter Analysis
On the basis of the above model tests and numerical models, the three following aspects were discussed for the voids at the crown and spandrel: void size, soil stiffness, and model size effect. (1) The sizes of voids at the crown and spandrel were 0°, 15°, 30°, 45°, and 60°. The 45° oblique load and the 0° horizontal load on both sides (Figure 11a) were investigated for voids at the crown. The 90° vertical load and the 0° horizontal load on both sides (Figure 11b) were investigated for voids at 
On the basis of the above model tests and numerical models, the three following aspects were discussed for the voids at the crown and spandrel: void size, soil stiffness, and model size effect. 
Effect of Void Location and Size
The load-displacement responses of the lining with different size of voids at the crown and spandrel are shown in Figures 12 and 13 , respectively. The relation curves between load carrying capacity of the lining and the void size are shown in Figure 14 . 
The load-displacement responses of the lining with different size of voids at the crown and spandrel are shown in Figures 12 and 13 , respectively. The relation curves between load carrying capacity of the lining and the void size are shown in Figure 14 . Under the oblique and vertical loads (Figures 12a and 13a) , the lining load-displacement curves of different void sizes were similar. However, as the void size increased, the slope of the curve decreased before the peak load, and the peak load and its corresponding displacement also declined. This finding shows that the existence of voids did not change the morphology of the load-displacement curve but reduced the mechanical properties of the lining considerably. Under the horizontal load (Figures 12b  and 13b) , the lining load-displacement curves of different void sizes were markedly different. With the increase of the void size, the last part of the load-displacement curve showed a sudden drop, and the failure displacement of the lining was small, showing brittle failure characteristics. Compared with that under the oblique and vertical loads, the bearing capacity of the RC lining under horizontal load was considerably higher because the position of the horizontal load was close to the bottom of sidewall, and its restraining effect of the fixed constraint caused the lining to have a larger bearing capacity, smaller failure displacement, and more concentrated failure locations. Figure 14a shows that the lining bearing capacity decreased linearly with the increase of the void size at the crown. When the void size increased from 0 • to 60 • , the load carrying capacity at 45 • load reduced by 51.3%, and at the horizontal load reduced by 65.1%. In comparison, the bearing capacity of the lining under horizontal load was greatly affected by the void size and the declining rate of the bearing capacity was larger. As the void size at the spandrel increased, the bearing capacity of the lining decreased in a two-stage development (Figure 14b) , and the bearing capacity dropped rapidly first and then tended to be flat. With the void size at the spandrel ranging from 0 • up to 30 • , the bearing capacity under vertical load reduced by 34.3%. While when the void size increased from 30 • to 60 • , the bearing capacity reduced by only 13.7%. The bearing capacity of the lining under horizontal load was more affected by the void size at the spandrel, which is similar to the case of the void at the crown. Results show that the mechanical behaviors of the lining in the vertical and oblique load were the same. The voids can impair the bearing performance of the lining considerably, but the different location of the voids will have different effects on the bearing capacity of the lining.
Effect of Soil Stiffness
Soil stiffness has a substantial effect on the mechanical behaviors of the lining [39] . In this paper, combined with the recommended values of the elastic resistance coefficient of the surrounding rocks of Grade III-V [38] , four types of soil stiffness such as k = 27.9 MPa/m (test), 150 MPa/m, 400 MPa/m, and 850 MPa/m were selected to analyze the effects of the void on the bearing capacity of the lining with different soil constraints. Taking the vertical and oblique loads as an example, the relation curves between the peak load of the RC lining and the void size under different soil stiffness were obtained, as shown in Figure 15 . Figure 15 shows that under different soil stiffness, the load carrying capacity of the lining decreased with the increase of the void size, but the rates of declining were different. When the soil stiffness was small (k = 27.9 MPa/m), the peak load of the lining was linear with the void size. When the soil stiffness was between 150-850 MPa/m, the peak load of the lining under different void size could be presented as the three-stage development law. When the void size was 0°-15°, the peak load decreased slowly. When the size was 15°-45°, the peak load decreased rapidly. When the size was greater than 45°, the peak load reduced slowly and tended to be flat. Higher soil stiffness corresponded to more apparent three-stage characteristics of the peak load curve of the lining. Taking the void at the crown as an example for the cases of k = 27.9 MPa/m and k = 850 MPa/m, when the void size increased from 0° to 15°, the bearing capacity reduced by 13.8% and 4.8%, respectively; when the void size increased from 15° to 45°, the bearing capacity decreased by 37.5% and 71.1%, respectively; when the void size increased from 45° to 60°, the bearing capacity decreased by 9.7% and 25.4%, respectively. The higher soil stiffness, the influences of the void size on the lining bearing capacity were larger. These findings show that a strong constraint effect around the lining corresponded to considerable loss of the lining bearing capacity once part of the soil constraint was lost. When the void size was greater than 45°, the lining was close to an arched structure on the ground, and its interaction with the surrounding rocks was lost. At this time, the bearing performance of the lining manifested as the self-strength of the concrete structure. Under different soil stiffness, the influence of the void at the spandrel was similar to that at the crown.
Effect of Tunnel Lining Size
The occurrence of concrete cracks can cause energy dissipation, thereby resulting in size effect. To analyze the size effect on the mechanical properties of RC lining, this calculation simulated three sizes of tunnel lining, namely, 1:5, 1:2, and 1:1 (full size), which obtained the lining loaddisplacement curve with no void under two load directions, as shown in Figure 16 . The loaddisplacement curves of full-size lining and the relationship between peak load and void size under Figure 15 shows that under different soil stiffness, the load carrying capacity of the lining decreased with the increase of the void size, but the rates of declining were different. When the soil stiffness was small (k = 27.9 MPa/m), the peak load of the lining was linear with the void size. When the soil stiffness was between 150-850 MPa/m, the peak load of the lining under different void size could be presented as the three-stage development law. When the void size was 0 • -15 • , the peak load decreased slowly. When the size was 15 • -45 • , the peak load decreased rapidly. When the size was greater than 45 • , the peak load reduced slowly and tended to be flat. Higher soil stiffness corresponded to more apparent three-stage characteristics of the peak load curve of the lining. Taking the void at the crown as an example for the cases of k = 27.9 MPa/m and k = 850 MPa/m, when the void size increased from 0 • to 15 • , the bearing capacity reduced by 13.8% and 4.8%, respectively; when the void size increased from 15 • to 45 • , the bearing capacity decreased by 37.5% and 71.1%, respectively; when the void size increased from 45 • to 60 • , the bearing capacity decreased by 9.7% and 25.4%, respectively. The higher soil stiffness, the influences of the void size on the lining bearing capacity were larger. These findings show that a strong constraint effect around the lining corresponded to considerable loss of the lining bearing capacity once part of the soil constraint was lost. When the void size was greater than 45 • , the lining was close to an arched structure on the ground, and its interaction with the surrounding rocks was lost. At this time, the bearing performance of the lining manifested as the self-strength of the concrete structure. Under different soil stiffness, the influence of the void at the spandrel was similar to that at the crown.
The occurrence of concrete cracks can cause energy dissipation, thereby resulting in size effect. To analyze the size effect on the mechanical properties of RC lining, this calculation simulated three sizes of tunnel lining, namely, 1:5, 1:2, and 1:1 (full size), which obtained the lining load-displacement curve with no void under two load directions, as shown in Figure 16 . The load-displacement curves of full-size lining and the relationship between peak load and void size under different void sizes are shown in Figures 17 and 18 , respectively. Figure 16 shows that the load-displacement curves of different lining sizes were similar in shape; as the lining size increased, the peak load and the corresponding displacement increased rapidly and the load carrying capacities of different-sized linings were not size proportional. When the soil stiffness was k = 27.9 MPa/m, compared with 1:5-scale model lining, the bearing capacity of Figure 16 shows that the load-displacement curves of different lining sizes were similar in shape; as the lining size increased, the peak load and the corresponding displacement increased rapidly and the load carrying capacities of different-sized linings were not size proportional. When the soil stiffness was k = 27.9 MPa/m, compared with 1:5-scale model lining, the bearing capacity of Figure 16 shows that the load-displacement curves of different lining sizes were similar in shape; as the lining size increased, the peak load and the corresponding displacement increased rapidly and the load carrying capacities of different-sized linings were not size proportional. When the soil stiffness was k = 27.9 MPa/m, compared with 1:5-scale model lining, the bearing capacity of Figure 16 shows that the load-displacement curves of different lining sizes were similar in shape; as the lining size increased, the peak load and the corresponding displacement increased rapidly and the load carrying capacities of different-sized linings were not size proportional. When the soil stiffness was k = 27.9 MPa/m, compared with 1:5-scale model lining, the bearing capacity of the full-size tunnel lining increased from 80.4 kN to 414.1 kN under vertical load, which increased by 4.2 times, and the corresponding displacement of peak load increased from 45.8 mm to 236.7 mm, which was also 4.2 times higher. Under full-size conditions, the morphology of the lining load-displacement curve ( Figure 17 ) and the variation law of the peak load with void size (Figure 18 ) under different voids were similar to those of the 1:5-scale model lining. Taking the full-size lining as an example (k = 850 MPa/m), the void size at the crown increased from 0 • to 45 • , and the lining load carrying capacity reduced from 725.9 kN to 164.8 kN with the drop of 77.3%; the void size increased from 45 • to 60 • with a slight decrease in bearing capacity. Similarly, the void size at the spandrel increased from 0 • to 45 • and the bearing capacity of the lining decreased from 978.5 kN to 221.7 kN, which dropped by 78.4%. Later, the change in the void size had a minimal effect on the bearing capacity. The results of model tests and numerical calculations show that the existence of voids weakened the constraint effect of surrounding rocks on the lining and deteriorated the stress state of the lining, resulting in decreased structural bearing capacity. To describe the influence of voids on the bearing capacity of the lining quantitatively, the loss rate of load carrying capacity α was introduced as:
where P is the load carrying capacity of the lining with voids and P o is the load carrying capacity of the lining with no void. The void size was nondimensionalized for calculation convenience and the void ratio η described the void size, which is expressed as:
where L V is the arc length corresponding to the void range, and D is the diameter of the lining arch ring. According to the above definition and combined with the numerical simulation results, the scatterplot of the relationship between the loss rate of lining bearing capacity and the void ratio was obtained, as shown in Figure 18a . The scatter data were fitted by a curve, and the shape was similar to the S-shaped growth curve. Thus, the logistic model was selected to describe the loss rate of bearing capacity of lining under different void ratios, and its expression is as follows [40, 41] :
where a, b, and p are fitting coefficients; p is a power value and greater than 0. Figure 19a shows that the variation of bearing capacity loss rate with void ratio is consistent with the fitting result of the logistic model. Further considering the influence of soil stiffness, the scatterplot of the relationship between the loss rate of bearing capacity of lining and soil stiffness was obtained, as shown in Figure 19b . When the void ratio η was less than 0.17, the change in soil constraint had a minimal effect on the loss rate of the bearing capacity. When the void ratio η was greater than 0.17, the loss rate of the bearing capacity increased with the soil stiffness. The fitting found that the power function can describe the relationship between the loss rate of the bearing capacity and the soil stiffness well. The expression is as follows: Combining the logistic model with the power function model, the expression of the bearing capacity loss rate of the lining considering the coupling effects of the void ratio and the soil stiffness can be established as follows:
Determination of Model Parameters
Taking the 90° and 45° loads as an example, the Levenberg-Marquardt algorithm was used to fit the calculated data of the voids at crown and at spandrel according to the bearing capacity loss rate model proposed in this paper [42] . The fitting results are shown in Table 3 . Under the crown and spandrel voids, the correlation coefficients obtained by the fitting were 0.974 and 0.985, respectively. The results show the good correlation of the fitting results. The model in this paper can describe the changes of the load carrying capacity loss rate with the void ratio and the soil stiffness well. Thus, the influence of voids on the bearing performance of lining under different surrounding rock conditions can be quantitatively evaluated to solve the shortcomings of the existing qualitative evaluation. 
Conclusions
The 1:5-scale model tests under the crown and spandrel voids obtained the mechanical responses and failure modes of the RC linings. The numerical calculation model of RC lining was established and compared with the experimental results. Sensitivity analysis of void location and size, soil stiffness, and lining size was conducted, and the equation of lining bearing capacity loss rate was established. The main conclusions are as follows:
(1) The existence of voids considerably affected the mechanical behavior of the lining, especially the inelastic period of lining structure. The failure modes of RC linings were similar under different void sizes, but a large void size corresponded to low bearing capacity of the lining, small Combining the logistic model with the power function model, the expression of the bearing capacity loss rate of the lining considering the coupling effects of the void ratio and the soil stiffness can be established as follows:
Determination of Model Parameters
Taking the 90 • and 45 • loads as an example, the Levenberg-Marquardt algorithm was used to fit the calculated data of the voids at crown and at spandrel according to the bearing capacity loss rate model proposed in this paper [42] . The fitting results are shown in Table 3 . Under the crown and spandrel voids, the correlation coefficients obtained by the fitting were 0.974 and 0.985, respectively. The results show the good correlation of the fitting results. The model in this paper can describe the changes of the load carrying capacity loss rate with the void ratio and the soil stiffness well. Thus, the influence of voids on the bearing performance of lining under different surrounding rock conditions can be quantitatively evaluated to solve the shortcomings of the existing qualitative evaluation. 
Conclusions
(1) The existence of voids considerably affected the mechanical behavior of the lining, especially the inelastic period of lining structure. The failure modes of RC linings were similar under different void sizes, but a large void size corresponded to low bearing capacity of the lining, small displacement required to reach the peak load, and large deformation of the lining at the void; the lining at the void was more likely to be destroyed. ( 2) The bearing capacity of the lining decreased linearly with the increase of the void size at the crown and decreased rapidly with the increase of the void at the spandrel and tended to change gently in two-stage development. The void size affected the bearing capacity of the lining varied with the void location. The mechanical behaviors of the lining under the vertical and oblique loads were the same and the lining had higher bearing capacity, less failure displacement, and more concentrated damage under horizontal load.
(3) When the soil stiffness was small, the bearing capacity of the lining decreased linearly with the increase in the void size. When the soil stiffness was higher than 150 MPa/m, the bearing capacity of the lining showed a three-stage variation law. High soil stiffness corresponded to the great influence of the void size on the lining bearing capacity. 
